A B S T R A C T The role of renal Na+,K+-ATPase in sodium reabsorption was further examined in dogs in which digoxin, a specific inhibitor of the enzyme system, was infused into one renal artery in doses ranginig from 0.4 to 0.9 /Ag/kg/min (low dose) and from 1.0 to 4.0 Ag/kg/ min (high dose). A significant natriuresis occurred with both dose ranges which was accompanied by inhibition of Na+,K+-ATPase of cortex and nmedulla in the infused kidney. Despite over 90% enzyme inhibition in many experiments, at least 80% of the filtered sodium continued to be reabsorbed. The per cent change in enzyme activity correlated with the rate of digoxin administration and the total dose administered but not with changes in sodium excretion. Changes in medullary Na+,K+-ATPase activity, however, bore a direct relationship to alterations in fractional solute free water reabsorption (TcH1o). Inhibition of cortical enzyme activity alone was not associated with natriuresis, suggesting that medullary enzyme activity must be depressed for increased sodium excretion to occur during digoxin infusion. In high-dose experiments, significant inhibition of cortical and medullary enzyme in the contralateral control kidney was also observed, but natriuresis did not occur. In these experiments the rate at which digoxin reached the control kidney rose progressively but never equaled the rates in the directly infused kidney with either dose. Nevertheless, it is clear that under certain circumstances enzyme inhibition of either cortex or medulla need not be accompanied by natriuresis. We conclude that the major role of renal Na+,K+-ATPase is in sodium reabsorption in the medulla (ascending limb of Henle's loop) and that it has a relatively small role in proximal sodium reabsorption. The Dr. Tsaparas is a Hoechst International Fellow in Nephrology.
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INTRODUCTION
Sodium-potassium-activated adenosine triphosphatase has been shown to be intimately related to the transport of sodium and potassium across epithelial membranes of numerous tissues (1) . The kidney, a major function of which is sodium reabsorption, is no exception, its total enzyme activity being one of the highest of all organs (2) . Both cortical and medullary renal tissues are rich in Na+,K+-ATPase. It is of importance that the enzyme activity in the medulla is at least two to four times higher than that of cortex (3) (4) (5) (6) . The bulk of cortical tissue consists mainly of proximal convolutions, a site where isosmotic sodium reabsorption takes place. The renal medulla, on the other hand, contains principally the loops of Henle, whose major function is sodium reabsorption and the consequent dilution or concentration of the urine. In a recent report from these laboratories, it was shown that infusion of a cardiac glycoside into one renal artery of dogs leads to a profound decrease in the capacity to concentrate and dilute the urine, manifested by a decrease in free water clearance (CG2o)1 and free water reabsorption (TCHa,o) (3, 7) . Accompanying these alterations was a marked reduction in the activity of cortical ' Abbrez4iations used in this paper: CH2o, free water clearance; Cosm, osmolar clearance; CPAH, clearance of para-aminohippurate; DOC, sodium deoxycholate; PAH, para-aminohippurate; PK-LDH, pyruvate kinase-lactate dehydrogenase; TCH-,O, fractional solute free water reabsorption; UN,V and FENa, absolute and fractional sodium excretion.
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The Journal of Clinical Investigation Volume 51 October 1972 and medullary Na+,K+-ATPase (3). The association of diminished medullary enzyme activity and impaired CH2O and TCH2o led us to propose that Na',K+-ATPase may serve an important function in the process of urine concentration and dilution (3) . Evidence for the specificity of the inhibition was subsequently obtained whe-n it was found that in vitro binding of tritiated cardiac glycoside to the enzyme isolated from kidneys and infused with digoxin was diminished when compared to control kidneys (8) . This finding strengthened the suggestion that the Na+,K+-ATPase is a pharmacological receptor for the drug. Several groups of investigators have now presented similar results.
The role played by the enzyme in proximal tubular reabsorption is less clear. The increments in sodium excretion reported may be entirely attributed to inhibition of sodium reabsorption in the ascending limb of Henle's loop. At a time when as much as 50% of cortical enzyme activitv was inhibited, over 70% of the filtered sodium wvas still being reabsorbed, possiblv in the proximal tubule (3. 7, 8) .
The present experiments were designed to further examine the relationship between regional sodium reabsorption and Na+,K+-ATPase activity. In addition we have tried to delineate critically the correlations between renal electrolvte excretion, dosage of cardiac glvcoside, and enzvme inhibition.
METHODS
MIongrel dogs of either sex were studied. The model previously described (3, 7, 8) was used in all experiments. Animals were deprived of water for 16-24 hr before the experiment. An hour before commencing, they received 5 U of vasopressin tannate in oil subcutaneously. Surgical procedures were usually finished in an hour, at the end of which a solution of 5% mannitol and one containing appropriate doses of inulin 'H and para-aminohippurate (PAH) were infused at 2 ml/min and 0.6 ml/min, respectively. 1-1H hr were allowed to elapse for equilibration.
Hydropenic dogs. In 27 dogs, saline 1 ml/min was infused into the left renal artery during control periods, after which it was changed to a solution containing digoxin. Doses of digoxin ranging from 0.4 to 4.0 ,g/kg of body wt per min were infused at a rate of 1 ml/min until urine flow increased at least 50% above the mean of the control values. In low-dose experiments the dose of digoxin administered ranged between 0.3 and 2.1 mg total dose and from 0.032 to 0.11 mg/kg; the duration of infusion was from 45 to 210 min. Digoxin administered in high-dose experiments ranged between 0.7 and 2.2 mg total dose infused over 20 to 30 min; and from 0.03 to 0.12 mg/kg. The onset of the diuresis varied between 30 and 70 min in low-dose experiments; in high-dose experiments diuresis, particularly with 3 and 4 ,ug/kg per min, invariably occurred between 10 and 20 min after starting the infusion. In four experiments the digoxin infusion was terminated within 30 min of commencing in an attempt to examine if enzyme inhibition occurred in the absence of diuresis or of an increase in sodium excretion. In seven animals of the high-dose group, left renal artery blood flow was measured by electromagnetic flow meter.
The kidneys were removed at the end of the experiment, Na+, K+-ATPase was isolated and assays carried out.
Hypertonic saline-infused dogs. In seven other dogs the same procedures described above were performed, but at the peak of the digoxin effect hypertonic (2% ) saline was infused to determine the capacity for free water reabsorption (TCH2o). The experiments were ended at different osmolar clearances (Cosm.) and the kidneys removed for enzyme assay.
For the measurement of inulin 'H portions of plasma and urine were pipetted into vials containing 10 ml of Bray's solution and radioactivity determined in a Packard Tri-Carb scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill.). Appropriate corrections for background and quenching were done. PAH in plasma and urine was determined by AutoAnalyzer (Technicon Co., Inc., Tarrytown, N. Y.). The clearance of both inulin 3H and PAH were calculated in the standard fashion. Conventional formulae were used for the determination of Cosm, TCH0,o, and CH0O (3, 7) . Methods for the determination of urine and plasma sodium, potassium, and osmolality have been previously described from this laboratory (3, 7, 8) .
Tissue handling anid isolationt of Na+,K+-ATPase. The kidneys were placed in a chilled solution containing 0.25 M sucrose and 1 mm Tris-EDTA at pH 7.0. The capsule and surrounding tissue were stripped and cut away, the kidneys weighed and then carefully separated into cortex and medulla without any attempt at separating the medulla into inner and outer zones.
All of the following procedures were carried out at 4°C and were identical for both cortex and medulla. The isolation method was a modification of the procedure for cardiac tissue (9) and salivary gland (10) . The tissue was minced finely with scissors, placed in 9 vol of 0.25 M sucrose, 1 mM Tris-EDTA, pH 7.0, and homogenized for two 20 sec periods in a Polytron (Brinkmann Instruments Inc., Westbury, N. Y.) at a rheostat setting of 2 (it was found that a Sorvall Omnimixer or Waring blender yielded an inactive preparation). The homogenate was filtered through four and then eight layers of cheesecloth; the filtrate was centrifuged at 10,000 g for 15 min in a Sorvall RC2-B refrigerated centrifuge (Ivan Sorvall, Inc., Norwalk, Conn.). The supernatant fluid was discarded and the pellet resuspended in 8 vol of a solution containing 0.25 M sucrose, 1 m-i Tris-EDTA and 0.1%o sodium deoxycholate (DOC) by means of the Polytron, for six 30 sec periods, with a 15 sec rest in ice after each step. The suspension was kept in ice for 30 min after the addition of 1 drop of octyl alcohol to decrease foaming and stirred periodically. Another drop of octyl alcohol was usually added after 10-15 min, if the foam was excessive. The resulting mixture was centrifuged -at 10,000 g for 30 min and the supernatant carefully separated through eight layers of cheesecloth (pellet discarded) and centrifuged at 100,000 g for 1 hr. The resulting high-speed pellet was suspended by means of a glass homogenizer and Teflon pestle in 1.5 vol (relative to the original tissue weight) of 0.25 M sucrose, 1 mm Tris-EDTA, and 0.05% DOC and was centrifuged for 20 min at 20,000 g. The resulting supernatant was then centrifuged at 100,000 g for 1 hr. This pellet was then suspended in 1 mm Tris-EDTA and used for Na+,K+-ATPase assay and ouabain-3H binding studies. For reasons previously stated (8) zyme assay procedure employed was identical to that already published in detail (8, 11) . Briefly, the PK-LDH method consists of monitoring NADH oxidation at 340 m,u with a recording spectrophotometer. Na+,K+-ATPase is expressed as that activity which was completely ouabain sensitive (activity in the absence of ouabain minus activity in the presence of 5 X 10' ouabain). Results were identical using digoxin. All 
RESULTS
Changes in systemic blood pressure, glomerular filtration rate, clearance of PAH, renal blood flow, and mean arterial blood pressure before and after digoxin infusion are shown in Table I . A fall in glomerular filtration rate was seen in all experiments. CPAi remained unchanged in some experiments, but on the average fell in both lowand high-dose experiments, more so in the former than in the latter. Renal blood flow, measured by electromagnetic flow meter, did not change appreciably in high-dose experiments. Therefore, filtration fraction tended to rise in low-dose experiments, while it tended to fall in highdose experiments. Blood pressure was not altered significantly throughout the experiments.
The effects of digoxin on absolute (UN.V) and fractional sodium excretion (FEN.), Na+,K+-ATPase activity, and ouabain-5H binding are shown in Table II (3) . In this group of experiments, the reduction in Na+,K+-ATPase in the infused kidney was also similar to that observed in a previous study (3) . During high-dose infusion, the experimental kidney cortex and medullary activities were reduced by 79% and 63%, respectively, when compared with the contralateral kidney, and by 87% and 74% when compared with the uninfused kidney of low-dose experiments (control). The changes in cortical and medullary activity in the contralateral kidney in the high-dose experiments are comparable to those observed in the experimental kidney of low-dose experiments. The incre- As in previous studies using low doses of digoxin (8), enzyme isolated from kidneys infused with high doses of digoxin exhibited a reduced in vitro binding capacity for ouabain-'H (Table II) . Furthermore, the decrease in binding was closely related to enzyme inhibition, a fact that is depicted more clearly in Fig. 1 . This corroborates the thesis that the enzyme inhibition was a specific effect of the drug and that the enzyme is presumably a pharmacological receptor (8, 11) .
To further examine the importance of Na+,K+-ATPase in the cortex, in four experiments utilizing varying doses of digoxin, the infusion was stopped before urine flow had changed. The results of these studies are summarized in Table III . At the time when digoxin was stopped, Ux.aV and FENa were either unchanged or reduced in all experiments. Enzyme activitv, however, was reduced in the cortex by an average 20% but not in the medulla. Similar changes have been previously observed by us (12) . Medullary activity was actually slightly higher than in the control in three of the four experiments. The change, however, was so small that it should not be construed as being the result of enzyme "stimulation" (13) .
In the experiments in which 2% saline was administered during intrarenal infusion of the high dose of digoxin, TCH2O was markedly impaired (Fig. 2) . At the peak of the digoxin effect the capacity of the infused kidney to reabsorb solute-free water was reduced from 17 to 75% at the particular levels of Cos. reached, when compared with the contralateral kidney. The relationship between the per cent T'H2O inhibition and the decrease in medullary Na+,K+-ATPase activity, illustrated in Fig. 3 , indicates a direct relationship between reduction in T'H20 and ATPase inhibition. The regression equation for this relationship is y = -39.67 + 1.29x, with a linear correlation coefficient of 0.799, significant at P < 0.05. Although the cortical Na+,K+-ATPase was inhibited approximately to the same extent as the medullary enzyme, a correlation between the former and T'E2o would be physiologically meaningless, since cortical structures do not contribute to T'H2o (14) . Ouabain-3H Binding (pmoleslmg) OSMOLAR CLEARANCE (COsm) I 100 ml GFR (ml/min ) 18 20 FIGURE 2 Relationship between fractional free water reabsorption (TCH2o/GFR X 100) and fractional osmolar clearance (Cosm/GFR X 100) during 2% saline diuresis.
Normal curve represents values for control kidney. The points represent maximal TcH20 obtained in the digoxin infused kidney in seven experiments.
Statistical analyses of the relationships between dose of digoxin, sodium excretion, and per cent change in Na+,K+-ATPase were performed. There was no relationship between changes in UNaV or FEN. and/or total dose or the rate of digoxin administration. The per cent change in Na+,K+-ATPase activity in both cortex and medulla was a direct function of both the rate of digoxin administration and total dose (the higher these were, the greater the per cent inhibition.) The equation relating the rate of digoxin administration to the change in Na',K+-ATPase activity for the left cortex is v = 36.9 + 13.8x (P < 0.006); for the left medulla, y = 39.5 + 9.99x (P < 0.003). The equation relating total digoxin dose to the change in Na+,K+-ATPase activity for the left cortex is y = 29.5 + 24.7x (P < 0.04); for the left 
DISCUSSION
The present experiments confirm our previous results and those of others indicating that Na+,K+-ATPase is important in the process of sodium reabsorption by the kidney, particularly in the ascending limb of Henle's loop (3-6, 15, 16) . Except when the digoxin infusion w\vas purposely stopped, the glycoside resulted in a rise in sodium excretion in the infused kidney in all experiments. Furthermore, when the capacity to concentrate the urine was examined, a marked reduction in free water reabsorption (TCH2o) at all levels of osmolar clearance (C-ss,t) was observed in the experimental as compared with the contralateral kidney. These alterations in urine sodium excretion and TCH20 were always accompanied by significant inhibition of enzyme activity, the degree of inhibition exceeding 80% of control activity in some of the high-dose experiments. From the present results may be derived, in part, the sites in the nephron where digoxin exerts its primary effect and the relative contribution of cortical and medullary ATPase to sodium reabsorption. As seen in Table  II , during low-dose infusion a reduction in enzyme activity in the experimental kidney of 42 and 43%, in cortex and medulla, respectively, was associated with a marked rise in UNaV representing 12% of the filtered 2548
Martinez-Maldonado, Allen, Inagaki, Tsaparas, and Schwartz Whichever of these alternatives is correct, it is clear that cortical enzyme activity may be depressed by as much as 41% (experiment 26, Table III) , and without a rise in sodium excretion. That inhibition of proximal reabsorption can occur without sodium diuresis has been demonstrated by micropuncture experiments (17, 18) . The extent to which Na+,K+-ATPase participates in proximal reabsorption can be further examined during the high-dose experiments. In the infused kidney cortical enzyme activity was reduced by 76% when compared with its contralateral control kidney and by 87% when compared with contralateral kidneys from low-dose experiments. MIoreover, in six experiments the activity was virtually undetectable (less than 3 umoles Pi mg protein/hr), yet in all cases at least 90% of total filtered sodium continued to be reabsorbed. Since a marked inhibition of medullary ATPase, accompanied by depression of TCH2o, was seen in these experiments, one only needs to invoke inhibition of sodium reabsorption in the ascending limb of Henle's loop to account for the natriuresis.
Implied in the above discussion is the possibility that part of the sodium reabsorptive machinery in the ascending limb must be inhibited for natriuresis to occur. At first inspection, this hypothesis may appear unjustified. When compared with the infused kidney of the lowdose experiments, enzyme inhibition in the contralateral kidneys of high-dose experiments was of the same magnitude in both cortex and medulla, yet no sodium diuresis occurred. On the other hand, enzyme activity in the cortex and medulla of the control kidney of high-dose ex- periments was still 2.5-to 4-fold of the activity of either cortex or medulla of the infused kidney. A similar observation has been made by Nelson and Nechay (19) . A possible explanation for this discrepancy is that in the directly infused kidney the portion of the sodium reabsorptive system dependent on Na',K+-ATPase is overwhelmed and cannot, as may the other kidney where inhibition presumably takes place at a slower rate, call into play other mechanisms to reabsorb sodium.2 One such mechanism may be a second pump insensitive to cardiac glycosides as in the "two-pump" system recently proposed by Whittembury and his collaborators (25, 26) .
From studies of renal cortical slices they have suggested that the renal tubule has an ion "pump" which is inhibited by ouabain, and another which is inhibited by ethacrynic acid. It may not be unreasonable to suggest that inhibition of one pump allows the other one to compensate for the transport of sodium. It is conceivable that a similar mechanism exists not only in the proximal tubule but in the ascending limb of Henle's as well. Even though digoxin is obviously reaching the control kidney ' It is now apparent that alterations in peritubular capillary hydrostatic and oncotic pressures (20) (21) (22) (23) and in ionic composition of peritubular blood (24) may influence proximal reabsorption. Whether these also influence reabsorption in the loop of Henle is not known. Nevertheless, when measured in high-dose experiments, filtration fraction and sodium reabsorption were depressed, suggesting that changes in peritubular oncotic pressure may have influenced proximal reabsorption. On the other hand, systemic blood pressure and plasma ionic composition remained unchanged throughout the experiments.
Relation of Sodium Reabsorption to Na+, K+-ATPase through the circulation, the rate at which the glycoside arrives at the receptor is lower than in the experimental kidney and this permits adjustments in sodium reabsorption to supervene. To examine this point, the levels of digoxin in renal arterial blood were determined by radioimmunoassay (Schwarz/Mann Radioimmunoassay Kit for Digoxin, Orangeburg, N. Y.) in three low-dose and three high-dose experiments. The results, summarized in Fig. 4 , show that, indeed, the rate at which digoxin reaches the control kidney during high-dose experiments is initially similar to that of the control kidney in low-dose experiments and rises gradually until it is in the range of the rate of delivery to the experimental kidney in low-dose experiments. By contrast, the rate at which digoxin reaches the experimental kidney is steadily high in both low-and high-dose experiments.
Another explanation to the above observations is that a given unit of enzyme activity may be capable of increasing its transport potential when the concentration of glycoside reaching the recepotor and the rate of inhibition are low or gradual. Since enzyme specific activitv is higher in the medulla, it is at this site Nhere the capacity to do this might be more likelv. This is an attractive suggestion, since it could explain the observed ability of the loop of Henle to reabsorb large amounts of sodium without evidence of saturation during circumstances of increased delivery (27 (Fig. 4) .
In relation to proximal tubular reabsorption. it may be reasonable to assume that, although Na+ K+-ATPase mediates the process of isosmotic reabsorption, its contribution is relatively small, and when enzvme activity is depressed, other mechanisms may become operative. That _Na+.K+-ATPase may indeed participate in proximal sodium reabsorption can be adduced from the recent experiments by Burg and Orloff (28) . The small transtubular potential difference present in isolated proximal tubules can be abolished by addition of 10' Zi ouabain to the bathing medium. As in previous experiments (8) , it was important to examine the specificity of changes in enzyme activity. Evidence for the specificity of these changes is indicated by the fact that in vitro binding of ouabain-'H to the enzyme isolated from digoxin-infused kidnevs was also reduced. Alterations in binding following inhibition of enzvme-specific activity occurred in both cortex and medulla and were proportional to the reduction in Na+,K+-ATPase (Fig. 3) . This demonstrates that binding of the drug to enzyme is occurring in vivo. It follows by analogy to the observations in other transporting structures, that the natriuresis and the inhibition of TCH2O may be the result of enzyme inhibition. The present experiments also strengthen the previous suggestion (3, 7, 29, 30) that the major site of action of digitalis is the distal nephron.
